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The stoichiometry of subunit 8 in yeast mitochondrial F1F0-ATP synthase (mtATPase) has been evaluated using an immunoprecipitation
approach. Single HA or FLAG epitopes were introduced at the N-terminus of subunit 8. Expression of each tagged subunit 8 variant in yeast
cells lacking endogenous subunit 8 restored a respiratory phenotype and had little measurable effect on ATP hydrolase activity of the isolated
enzyme. Moreover, the two epitope-tagged subunit 8 variants could be stably co-expressed in the same host cells and both of HA-Y8 and
FLAG-Y8 could be detected in ATP synthase complexes isolated by native gel electrophoresis. Mitochondria isolated from each yeast strain
were solubilized to release ATP synthase complexes in either the monomeric or dimeric forms. In each case, monoclonal antibodies directed
against either the FLAG or HA epitope could immunoprecipitate intact ATP synthase complexes. When both HA-Y8 and FLAG-Y8 were co-
expressed in cells, monomeric ATP synthases contained only a single subunit 8 variant after immunoprecipitation, corresponding to the
particular antibody used (HA or FLAG). By contrast, both subunit 8 variants were recovered in samples of immunoprecipitated dimeric ATP
synthase complexes, irrespective of the antibody used. We conclude that each monomeric yeast mitochondrial ATP synthase complex
contains a single copy of subunit 8.
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Mitochondrial F1F0-ATP synthase (mtATPase) harnesses
the energy derived from respiratory metabolism for the
production of ATP. It consists of a membrane-embedded
proton-conducting channel (F0) linked to a membrane-
extrinsic ATP synthesizing/hydrolyzing sector (F1) via two
protein stalks [1]. One stalk, comprised of the g-y-q subunits
of F1, is centrally located in the enzyme and extends to the
membrane where it is closely associated with a ring of 10
copies (in yeast) of membrane-embedded subunit 9 [2].
These proteins constitute the rotor of mtATPase that has
been conclusively demonstrated to rotate, during ATP
synthesis or hydrolysis, relative to the other subunits of
the complex [3–6]. A second stalk, located peripherally on0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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micrographs of ATP synthase complexes isolated from
Escherichia coli, plant chloroplasts and also the bovine
mtATPase [7–9]. This stalk forms the stator of mtATPase,
its proposed function being to prevent futile rotation of the
F1 sector during enzyme activity [1].
In the structurally simpler F1F0 complex of E. coli, the
stator stalk contains subunit y and two copies of subunit b
[10,11]. Each of these proteins has a homologous counter-
part in the yeast Saccharomyces cerevisiae (subunits OSCP
and b, respectively). However, only a single copy of subunit
b is present in yeast and other subunits have been proposed
to fulfill the role of the absent, second subunit b in forming
the stator stalk [12]. We have proposed that in conjunction
with the single copy of subunit b, subunits d, f and 8 are all
essential components of the stator stalk in yeast connecting
the F1 (via OSCP) to the F0 (via subunit 6) [12–14]. Single
copies of each of subunits OSCP, b and d are present in
yeast mtATPase [12]. The stoichiometry of each of subunits
6, f and 8 (Y8) is assumed to be one in the yeast enzyme [1]
but this has never been demonstrated explicitly. To under-
Fig. 1. Y8 variants used in this study. Allotopically expressed Y8 variants
were targeted to the mitochondria using the duplicated N9L leader sequence
[19] (not shown). Numbering indicates the position of the original
methionine (denoted 1) of wild-type Y8. An additional seven-amino acid
sequence (YSSEISS) is retained at the N-terminus of allotopically
expressed Y8 following import and processing [20,40] and is included in
the protein assembled into mtATPase [41]. The position of the membrane-
spanning central hydrophobic domain (CHD) is shown [14]. (A).
Unmodified, allotopically expressed Y8. (B). Allotopically expressed Y8
bearing an N-terminally fused HA epitope plus three serine residues
(YPYDVPDYA-SSS) between the YSSEISS sequence and the Y8 protein.
(C). As for B, but bearing a FLAG epitope plus three serine residues
(DYKDDDDK-SSS). Arrows indicate the site of cleavage of the precursor
protein by matrix protease following import, explicitly demonstrated for A
[20,41] and assumed to occur for B and C since in each case the epitopes
are retained in the mature protein (see Results).
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complex stator stalk of mtATPase, compared to that of
bacteria, the stoichiometry of all of its protein components
must be determined.
Allotopic expression [15], whereby a gene which nor-
mally resides on mtDNA is recoded for nuclear expression
and the protein subsequently targeted back to mitochondria,
has allowed our laboratory to conduct extensive molecular
genetic investigations into the structure and function of Y8
[14,16–18]. Here, we have adopted an epitope tagging
approach to determine the stoichiometry of Y8 in intact
mtATPase complexes. Allotopic expression of a nuclear-
encoded version of Y8 with an N-terminally fused epitope
tag (either HA or FLAG) was able to complement the
respiratory deficient phenotype of yeast cells lacking endog-
enous Y8. The tagged versions of Y8 could be co-expressed
stably in cells and detected in mtATPase complexes isolated
by clear native PAGE. We analyzed the subunit composition
of mtATPases isolated by immunoprecipitation via the
epitope tags introduced into Y8, identifying whether one or
both tagged Y8 variants were recovered in immunoprecipi-
tates with each antibody, specific for either the HA or FLAG
epitope. Our observation that only one type of Y8 variant,
corresponding to the particular antibody used, was recovered
in each case when analyzing monomeric mtATPases dem-
onstrates that the stoichiometry of Y8 in mtATPase is one.2. Materials and methods
2.1. Construction of N-terminally epitope-tagged Y8
variants
The gene cassettes N9L-D/Y8-1 [19] and N9L-D/NHA-
Y8-1 [14] were as described previously. Briefly, the N9L-D/
Y8-1 cassette encodes a synthetic, nuclear codon-optomized
Y8 gene fused to DNA specifying a tandemly duplicated
mitochondrial presequence derived from Neurospora crassa
subunit 9 (N9L-D). The translated product contains a seven-
amino acid sequence (YSSEISS) which is retained at the N-
terminus of allotopically expressed Y8 (Fig. 1A) following
import and processing by mitochondrial matrix protease
[20]. The N9L-D/NHA-Y8-1 cassette encodes a similar
protein possessing an HA epitope followed by three serine
residues (YPYDVPDYA-SSS) fused between the YSSEISS
sequence and the Y8 protein (Fig. 1B).
A DNA sequence encoding a FLAG epitope
(DYKDDDDK) was introduced into the N9L-D/Y8-1 cas-
sette using two rounds of PCR mutagenesis. The expressed
protein is designated FLAG-Y8. First, the upstream and
downstream flanking primer pair 5V-CAGGAAACAGC-
TATGACC-3V and 5V-GTCGTCGTCCTTGTAGTCAGAC-
GAGATCTCGGAAGAGTAGGC-3V was used to introduce
nucleotides into the N9L-D/Y8-1 cassette specifying the new
amino acid sequence DYKDDDD between the YSSEISS
sequence and the N-terminus of the Y8 protein. A secondround of PCR using the flanking primer pair 5V-CAGGAAA-
CAGCTATGACC-3Vand 5V-GGCTCGAGGACTTGT-
CGTCGTCGTCCTTGTAGTCAGACGAG-3Vwas used to
incorporate nucleotides into the N9L-D/Y8-1 cassette spec-
ifying the amino acid lysine required to form the complete
FLAG epitope, along with three additional serine residues
between the epitope and the Y8 protein. Thus the N9L-D/
NFLAG-Y8-1 cassette encodes a protein possessing a FLAG
epitope followed by three serine residues (DYKDDDDK-
SSS) fused between the YSSEISS sequence and the Y8
protein (Fig. 1C). The PCR product was ligated as a BamHI/
XhoI restriction fragment into similarly digested pUC9
containing the gene cassette N9L-D/Y8-1 to create the
N9L-D/NFLAG-Y8-1 construct. The fidelity of the construct
was checked by DNA sequencing.
2.2. Expression vectors, yeast strains and tests for
restoration of respiratory function
The yeast shuttle vector pED121, which carries a GAL1
promoter sequence and ADE1 auxotrophic marker, has been
described [21]. The pAD1 yeast shuttle vector carries a
CUP1 promoter sequence with a HIS6 selectable marker
(I.M. Artika and R.J. Devenish, unpublished work). This
vector was constructed by ligation of a 1.5 kb HIS6 PCR
fragment amplified from pRD643 [22] into yeast expression
vector pYEULCBX [23]. Both pED121 and pAD1 vectors
also carry the replication control and centromere sequences
ARS1 and CEN4. Each of the constructs N9L-D/Y8-1,
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into both of the pED121 and pAD1 vectors as a BamHI/NotI
restriction fragment [13].
Yeast strain M31 (MATa ade1 his6) [aap1] lacking
endogenous Y8 has been described previously [21]. M31
cells were transformed using the SC EasyCompk Trans-
formation Kit (Invitrogen) according to the manufacturer’s
protocols. Restoration of respiratory-competent phenotype
by the expressed Y8 variants was assessed by testing growth
on medium containing ethanol as the sole carbon source
(supplemented with 2% galactose for cells expressing Y8
variants under the control of the GAL1 promoter). Gener-
ation times, ATP hydrolysis activity in isolated mitochon-
dria, and its sensitivity to oligomycin were measured as
described previously [24]. Comparisons (Student’s t-test)
were made against strains allotopically expressing unmod-
ified Y8.
2.3. Immunoprecipitation of mtATPase complexes
Immunoprecipitation of monomeric mtATPase com-
plexes was performed as follows. Mitochondrial mem-
branes (equivalent to 500 Ag protein) were pelleted at
131,440 g (Beckman TL100 rotor) for 15 min at 4 jC
and resuspended in 100 Al of native gel sample buffer
(NaCl 50 mM, aminohexanoic acid 2 mM, EDTA 1 mM,
imidazole 50 mM, phenylmethylsulfonyl fluoride 5 mM).
Either lauryl maltoside (4 Ag/Ag protein) or digitonin (2
Ag/Ag protein) was added to solubilize mtATPase as
monomers or dimers, respectively [25–27], and the sam-
ples (total sample volume 150 Al) incubated on ice for 20
min. Insoluble material was pelleted at 131,440 g for 15
min at 4 jC, and the supernatant transferred to fresh 1.7 ml
screw-capped tubes. Protein A-coupled sepharose 4L-B
beads (Sigma) were prepared according to the manufactur-
er’s protocols and suspended as a 50% w/v slurry in native
gel sample buffer containing lauryl maltoside or digitonin
as appropriate. A 20 Al portion of the bead slurry was
added to each supernatant and the samples incubated at 4
jC with gentle end-over-end mixing for 1 h to remove
non-specifically bound material. The beads were pelleted at
12,000 g in an Eppendorf 5414 bench top centrifuge for
5 min at 4 jC and the supernatant transferred to fresh 1.7
ml screw-capped tubes. Mouse monoclonal antibodies
against either the FLAG or HA epitopes (diluted 1:150,
Sigma) were added to the supernatants and the samples
incubated at 4 jC for 2 h with gentle mixing as before. A
fresh 20 Al portion of the bead slurry was then added to
each supernatant and the samples incubated at 4 jC
overnight with gentle mixing. The beads were collected
by centrifugation at 12,000 g for 5 min at 4 jC. Super-
natants were transferred to fresh tubes and frozen at  20
jC. Fifty microliters of SDS 5% (w/v) and 1 Al of 2-
mercaptoethanol (14.3 M) were added to the beads and the
mixture incubated at 65 jC for 5 min. The beads were
again pelleted, and the immunoprecipitates transferred tofresh tubes and frozen at  20 jC. Both the supernatants
and immunoprecipitates were analyzed by SDS-PAGE and
immunoblotting.
2.4. Gel electrophoresis and immunoblotting
Clear native gel electrophoresis was performed as de-
scribed [14] using either lauryl maltoside (4 Ag/Ag protein)
or digitonin (2 Ag/Ag protein) to solubilize mtATPase com-
plexes as monomers or dimers, respectively. In situ ATP
hydrolase assays were performed according to the method
of Yoshida et al. [28]. SDS-PAGE, second-dimension anal-
ysis and immunoblotting were also as described [14]. PVDF
membranes were probed with mouse monoclonal antibodies
against either the FLAG (diluted 1:380) or HA epitope
(diluted 1:2000) (Sigma), or yeast mtATPase subunit h
(diluted 1:7000) or b (diluted 1:5000) from our collection
of mtATPase-specific antibodies [29]. Rabbit polyclonal
antisera were also employed against yeast mtATPase sub-
units g, d, or OSCP (diluted 1:1000) [29], f and 6 (diluted
1:10,000, kindly provided by Dr. J. Velours). Secondary
antibodies were alkaline phosphatase-conjugated anti-rabbit
IgG or anti-mouse IgG as required (diluted 1:7500, Sigma).
Antibody binding was quantified using IMAGEQUANT
software (Amersham Bioscientific).3. Results
3.1. Characterization of cells expressing N-terminally
epitope-tagged Y8
To test the functionality of each of the N-terminally
epitope-tagged Y8 variants, M31 [aap1] cells expressing
either the unmodified Y8, HA-Y8 or FLAG-Y8 variants
from the pAD1 vector were plated onto medium containing
ethanol as the sole carbon source. Expression of each Y8
variant restored respiratory function. Similar results were
obtained when each of the constructs was expressed from
the pED121 vector with the addition of galactose to the
growth medium. No growth was observed for cells trans-
formed with pED121 constructs in the absence of galac-
tose, demonstrating tight control of expression from the
GAL1 promoter.
Cells were then co-transformed with vectors encoding
each epitope-tagged Y8 variant (either in the combination
pED121 N9L-D/NFLAG-Y8-1 and pAD1 N9L-D/NHA-
Y8-1 or vice versa). Cells transformed with both vectors
together, in either combination, were able to grow on non-
supplemented minimal medium containing ethanol (since
the vectors carry between them the ADE1 and HIS6
selectable markers required to complement M31 cells)
demonstrating that the vectors could be stably maintained
together in cells. This growth occurred in either the presence
or absence of galactose since endogenous Cu2 + present in
the growth medium drives expression of Y8 from the CUP1
Fig. 2. Detection of epitope-tagged Y8 variants in isolated mitochondria.
Mitochondrial membranes isolated from cells expressing Y8 variants were
dissolved and the proteins separated by SDS-PAGE (15% acrylamide) and
transferred to PVDF membrane. Membranes were probed with antibodies
against either the HA (left panel) or FLAG (right panel) epitopes. Sources
of mitochondria were as follows. YAS-3, cells expressing Y8 bearing an N-
terminal HA epitope (lanes 1 and 5); YGAS-2, cells expressing Y8 bearing
an N-terminal FLAG epitope (lanes 2 and 6); YDHF-1, cells co-expressing
HA-Y8 and FLAG-Y8 (lanes 3 and 7); YAS-1, cells expressing unmodified
Y8 (lanes 4 and 8). The positions of size markers are indicated at the left of
the figure.
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ratory growth.
The generation time in liquid medium of cells expressing
either the HA-Y8 or FLAG-Y8 variants individually was then
assessed. No significant difference in generation time was
noted between strains YAS-2 or YAS-3, expressing either the
FLAG-Y8 or HA-Y8 variants, respectively, compared to
strain YAS-1 expressing unmodified Y8 (P>0.1 in each case)
(Table 1). Similarly, strains YGAS-2 and YGAS-3 displayed
no significant difference in generation time compared to
strain YGAS-1 (P>0.1 in each case) (Table 1). When
compared to each other, no notable difference in the gener-
ation times of yeast expressing their respective Y8 variant
from either the CUP1 or GAL1 promoter systems can be
discerned (Table 1). In addition, strain YDHF-1 co-express-
ing both the FLAG-Y8 and HA-Y8 from the pED121 and
pAD1 vectors, respectively, showed no difference in growth
rate compared to any of the other strains tested (Table 1).
The performance of mtATPase was then assessed in
mitochondria isolated from each of the yeast strains. ATP
hydrolysis rates were similar for mitochondria containing
either FLAG-Y8, HA-Y8 or both compared to mitochondria
isolated from strain YAS-1 or YGAS-1 (Table 1). Oligo-
mycin in all cases inhibited ATP hydrolysis by between
71% and 88% (Table 1), indicating good coupling of the
F1 and F0 sectors of mtATPase. It is thus evident that each
of the epitope-tagged Y8 variants can be functionally as-
sembled into the mtATPase complex with little effect on
mtATPase activity.
3.2. HA- and FLAG-Y8 are stably expressed and incorpo-
rated into mtATPase complexes
To demonstrate the presence of NHA-Y8 and NFLAG-
Y8 in cells, mitochondrial membrane proteins isolated from
yeast strains YAS-1, YAS-3, YGAS-2 and YDHF-1 were
separated by SDS-PAGE (15% acrylamide) and analyzed by
immunoblotting for the presence of the HA and FLAG
epitopes (Fig. 2). HA-Y8 was specifically detected by
antibodies against the HA epitope (Fig. 2, lane 1), but notTable 1
Growth properties and mitochondrial ATP hydrolase activities of cells expressing
Strain Introduced plasmid Generation ATP h
time (h)
no add
YAS-1 pAD1 N9L-D/Y8-1 5.70F 0.21 2.31F
YAS-2 pAD1 N9L-D/NFLAG-Y8-1 5.76F 0.18 2.13F
YAS-3 pAD1 N9L-D/NHA-Y8-1 5.72F 0.29 2.07F
YGAS-1a pED121 N9L-D/Y8-1 5.78F 0.06 2.33F
YGAS-2a pED121 N9L-D/NFLAG-Y8-1 5.61F 0.47 2.40F




Mitochondria were isolated from cells grown at 28 jC with 2% ethanol (v/v) as
expression from the GAL1 promoter as required. ATP hydrolysis rates were measu
oligomycin was included at 100 Ag mg 1 mitochondrial protein. Whole cell gen
a Growth medium supplemented with galactose 2% (w/v) for induction of exantibodies against the FLAG epitope (Fig. 2, lane 5).
Similarly, FLAG-Y8 was detected specifically using anti-
bodies against the FLAG epitope (Fig. 2, lane 6), but not the
HA epitope (Fig. 2, lane 2). In mitochondria isolated from
strain YDHF-1 each of FLAG-Y8 and HA-Y8 could be
detected in the single sample (Fig. 2, lanes 3 and 7).
Importantly, no reaction with wild-type Y8 was detected
for antibodies against either the HA or FLAG epitopes (Fig.
2, lanes 4 and 8). Thus, each of the tags can be specifically
detected in isolated mitochondria when either singly or co-
expressed in cells.
To specifically demonstrate the presence of each epitope-
tagged Y8 in mtATPase, mitochondrial membranes were
dissolved in lauryl maltoside to liberate mtATPase com-
plexes in monomeric form. The complexes were then sepa-
rated by native gel electrophoresis and the gel analyzed for
ATP hydrolase activity. mtATPase complexes isolated in this
manner were able to hydrolyze ATP and remained sensitive
to oligomycin (Fig. 3A). The acrylamide gel was stained
with Coomassie blue (not shown) and then the isolated
mtATPase complexes were excised from the gel and ana-epitope-tagged Y8 variants
ydrolase activity (Amol ATP min 1 mg protein 1) Inhibition by
ition + oligomycin
oligomycin (%)
0.09 0.51F 0.03 78
0.16 0.57F 0.09 73
0.36 0.55F 0.31 73
0.12 0.68F 0.40 71
0.05 0.29F 0.09 88
0.35 0.48F 0.02 80
0.05 0.42F 0.05 81
the carbon source and supplemented with 2% galactose for induction of
red in triplicate from at least two independent experiments. Where indicated,
eration times represent the meanF S.D. of triplicate assays.
pression from the GAL1 promoter.
Fig. 3. Detection of epitope-tagged Y8 variants in isolated, monomeric mtATPase. Intact, monomeric mtATPase complexes were isolated by native gel
electrophoresis (4–13% gradient). The ATP hydrolase activity of complexes was demonstrated in situ (panel A) in either the absence (lanes 1–4) or presence
(lanes 5–8) of oligomycin. The polyacrylamide gels were then stained with Coomassie blue (not shown), the protein bands excised from the gel and analyzed
by second-dimension SDS-PAGE (15% acrylamide) and immunoblotting for the presence of HA-Y8 (panel B, left) or FLAG-Y8 (panel B, right). Sources of
mitochondria are indicated at the top of each lane.
Fig. 4. Immunoprecipitation of mtATPase complexes via HA- or FLAG-
tagged Y8. Immunoprecipitation was performed in the presence of lauryl
maltoside as described (see Materials and methods) on mitochondria isolated
from cells expressing either HA-Y8, FLAG-Y8 or unmodified Y8.
mtATPase complexes isolated by native PAGE (4–13% acrylamide) and
containing either HA-Y8 (HA-Y8) or FLAG-Y8 (FLAG-Y8) were used as
positive controls for the presence of mtATPase subunits (panels A and B,
respectively, lane 2 in each case). Proteins were separated by SDS-PAGE
(15% acrylamide), transferred to PVDF membrane and probed using
antibodies against mtATPase subunits h, g, b, d, OSCP, 6, f and FLAG-Y8
or HA-Y8 (as indicated at the right of each panel). Only a portion of each
membrane is shown. Sample identities were as follows. Panel A: IP-YAS-3,
immunoprecipitate derived from mitochondria containing Y8 bearing an N-
terminal HA epitope (lane 1); HA-Y8, mtATPase containing HA-Y8 and
isolated by native PAGE (lane 2); IP-YAS-1, immunoprecipitate derived
from mitochondria containing unmodified Y8 (lane 3). Panel B: IP-YGAS-
2, immunoprecipitate derived from mitochondria containing Y8 bearing an
N-terminal FLAG epitope (lane 1); FLAG-Y8, mtATPase containing FLAG-
Y8 and isolated by native PAGE (lane 2); IP-YAS-1, as for panel A (lane 3).
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amide) and immunoblotting. Second-dimension analysis
showed that HA-Y8 could be specifically detected in sam-
ples derived from YAS-3 by antibodies against the HA
epitope (Fig. 3B, lane 1), but not antibodies against the
FLAG epitope (Fig. 3B, lane 5). Similarly, FLAG-Y8 could
be specifically detected in samples derived from YGAS-2 by
antibodies against the FLAG epitope (Fig. 3B, lane 6), but
not by antibodies against the HA epitope (Fig. 3B, lane 2). In
samples derived from strain YDHF-1 each of FLAG-Y8 and
HA-Y8 could be detected in the single sample (Fig. 3B, lanes
3 and 7). Again, no reaction with wild-type Y8 was detected
for antibodies against either the HA or FLAG epitopes (Fig.
3B, lanes 4 and 8). Thus, each of the HA and FLAG epitopes
fused to the N-terminus of Y8 is stably incorporated into
intact, functional mtATPase complexes.
3.3. Immunoprecipitation of mtATPases using the N-
terminal epitopes introduced into Y8
Next, we sought to determine whether each of the HA
and FLAG epitope tags introduced at the N-terminus of Y8
could be used to immunoprecipitate mtATPase complexes.
Mitochondrial membranes isolated from yeast strains YAS-
1, YAS-3 and YGAS-2 were each solubilized using lauryl
maltoside as described above and incubated in the presence
of both protein A-conjugated sepharose beads and anti-
bodies against either the HA or FLAG epitopes. Proteins
adsorbed onto the beads were eluted and their identities
analyzed by SDS-PAGE (15% acrylamide) and immuno-
blotting. When mtATPase complexes assembled with HA-
Y8 were immunoprecipitated using antibodies against the
HA epitope, subunits of both the F1 (h and g) and F0 (6, b,
d, f, OSCP and HA-Y8) sectors were detected strongly in
the immunoprecipitated samples (Fig. 4A, lane 1). A control
sample comprised of mtATPase complexes assembled with
HA-Y8 and isolated by native gel electrophoresis showed an
Fig. 5. The F0 sector of yeast mtATPase contains only a single copy of Y8.
Immunoprecipitation was performed in the presence of lauryl maltoside as
described (see Materials and methods) on mitochondria isolated from cells
expressing either HA-Y8 (YAS-3), FLAG-Y8 (YGAS-2) or co-expressing
HA- and FLAG-Y8 (YDHF-1) using antibodies against either the HA-
epitope (panel A) or FLAG-epitope (panel B). The immunoprecipitates
(‘‘pellet’’) and supernatants (‘‘supernatant’’) were resolved by SDS-PAGE,
transferred to PVDF and the membranes probed with antibodies specific for
either the HA- or FLAG epitope. mtATPase complexes containing HA-Y8
or FLAG-Y8 and isolated by native PAGE (4–13% acrylamide) were used
as positive controls for the presence of either HA-Y8 (HA-Y8, panels A and
B, lane 1) or FLAG-Y8 (FLAG-Y8, panels A and B, lane 6). Sources of
mitochondria are indicated at the top of each lane, above which are indicated
the fraction and source of antibody used for immunoblotting analysis.
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specifically precipitated mtATPase subunits were detected
when immunoprecipitation was attempted using mitochon-
dria containing unmodified Y8 (Fig. 4A, lane 3). Results
parallel to those above (in Fig. 4A) were obtained when
antibodies against the FLAG epitope were used to immu-
noprecipitate mtATPase complexes assembled with FLAG-
Y8 (Fig. 4B). Thus, each of the HA and FLAG epitopes
introduced at the N-terminus of Y8 can be used to immu-
noprecipitate intact mtATPase complexes from mitochon-
drial membranes.
3.4. Immunoprecipitation of monomeric mtATPase com-
plexes recovers only a single species of Y8
Co-expression of both tagged versions of Y8 should yield
a mixed population of mtATPases in mitochondria. In the
event that the stoichiometry of Y8 in mtATPase is one, only a
single species of Y8 (either HA-Y8 or FLAG-Y8) will be
present in each single mtATPase complex. In this instance,
immunoprecipitation using a monoclonal antibody specific
for a single epitope should recover only a single species of
Y8, with the second tagged Y8 variant remaining in the
supernatant. mtATPase complexes were isolated from yeast
strains YAS-3 and YDHF-1, expressing either HA-Y8 or co-
expressing each of HA-Y8 and FLAG-Y8, respectively, by
immunoprecipitation using antibodies against the HA epi-
tope. Immunoprecipitation was performed in the presence of
lauryl maltoside under conditions where the mtATPase is
liberated from the inner mitochondrial membrane in mono-
meric form. The immunoprecipitate (‘‘pellet’’) was analyzed
by SDS-PAGE (15% acrylamide) and immunoblotting, using
antibodies against the mtATPase h-subunit, to quantitatively
demonstrate the relative efficiency of recovery of mtATPase
complex from each sample (data not shown). Each of the
pellets and supernatants were then analyzed by SDS-PAGE
(15% acrylamide) and immunoblotting to determine which
fraction contained HA-Y8 and/or FLAG-Y8. To avoid pos-
sible bias in detection due to low protein levels, a 5-fold
excess of immunoprecipitated mtATPase complex derived
from YDHF-1 mitochondria, containing both of the HA-Y8
and FLAG-Y8 variants, was used.
Immunoprecipitation using antibodies against the HA
epitope recovered HA-Y8 in the pellet from each of the
YAS-3 and YDHF-1 derived samples (Fig. 5A, lanes 2 and
3, respectively) which migrated with mobility identical to
that of HA-Y8 previously isolated by native gel electropho-
resis (Fig. 5A, lane 1). In each case, immunoprecipitation
using anti-HA antibodies efficiently removed HA-Y8 from
the supernatant (Fig. 5A, lanes 4 and 5). Duplicate samples
were then probed for the presence of FLAG-Y8, using
mtATPase containing FLAG-Y8 previously isolated by
native gel electrophoresis as a control (Fig. 5A, lane 6). In
the YDHF-1 derived sample no FLAG-Y8 could be detected
in the pellet (Fig. 5A, lane 8) by antibodies against the
FLAG epitope. However, FLAG-Y8 was strongly detectedin the supernatant after immunoprecipitation (Fig. 5A, lane
10) suggesting that FLAG-Y8 had not been co-immunopre-
cipitated. No cross-reactivity with the anti-FLAG antibodies
was observed in either the pellet or supernatant derived from
strain YAS-3 (Fig. 5A, lanes 7 and 9, respectively), which
expresses only HA-Y8.
Next, a parallel experiment was performed using samples
derived from YGAS-2 (expressing FLAG-Y8 alone) or
YDHF-1 (co-expressing both Y8 variants) and antibodies
against the FLAG epitope (Fig. 5B). Immunoprecipitation
recovered FLAG-Y8 in the pellet from each of the YGAS-2
and YDHF-1 derived samples (Fig. 5B, lanes 7 and 8,
respectively), which migrated with mobility identical to that
of FLAG-Y8 previously isolated by native gel electropho-
resis (Fig. 5B, lane 6). In each case, immunoprecipitation
using anti-FLAG antibodies efficiently removed FLAG-Y8
from the supernatant (Fig. 5B, lanes 9 and 10). Duplicate
samples were then probed for the presence of HA-Y8, using
HA-Y8 previously isolated by native gel electrophoresis as
a control (Fig. 5B, lane 1). In the YDHF-1-derived sample,
no HA-Y8 could be detected in the pellet (Fig. 5B, lane 3)
by antibodies against the HA epitope. However, HA-Y8 was
strongly detected in the supernatant after immunoprecipita-
tion (Fig. 5B, lane 5) demonstrating that HA-Y8 had not
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HA antibodies was observed in either the pellet or super-
natant derived from strain YGAS-3 (Fig. 5B, lanes 2 and 4,
respectively), which expresses only FLAG-Y8. Together,
these results suggest that only a single copy of Y8 is present
in mtATPase complexes.
3.5. Each of HA-Y8 and FLAG-Y8 can be co-immunopre-
cipitated in dimeric mtATPase
Recovery of only a single species of Y8 by immunopre-
cipitation of monomeric mtATPases suggests that the stoi-
chiometry of Y8 in mtATPase is one. It should therefore be
possible to recover each epitope-tagged Y8 variant in a
single immunoprecipitate under conditions where the mtAT-
Pase exists in its dimeric state. To determine whether HA-Y8
and FLAG-Y8 could be recovered in a single immunopre-
cipitate, mtATPases were solubilized in the presence of
digitonin. Prior to immunoprecipitation, a portion of the
preparation was analyzed both by native gel electrophoresis
and in situ ATP hydrolase assay, to ensure that mtATPases
solubilized in this manner were active, coupled and in the
dimeric form. For comparison, mitochondria containingFig. 6. Immunoprecipitated dimers of mtATPase contain both of HA-Y8 and FLA
described (see Materials and methods) under conditions where mtATPase would
sample was taken and analyzed by native gel electrophoresis (4–13% gradi
predominantly the dimeric form of mtATPase. Mitochondria solubilized using d
mitochondria solubilized using lauryl maltoside (panels A and B, lanes 5 and 10) a
(panel A) in either the absence (lanes 1–5) or presence (lanes 6–10) of oligomycin
Immunoprecipitation was performed on the remaining samples of mitochondria iso
co-expressing HA-Y8 and FLAG-Y8 (YDHF-1) using antibodies against either th
were resolved by SDS-PAGE, transferred to PVDF and the membranes probed w
FLAG (panel C, lanes 3–4 and 7–8) epitope. Sources of mitochondria are indicat
used for immunoprecipitation and immunoblotting analysis.unmodified Y8 were dissolved in lauryl maltoside to solu-
bilize mtATPase complexes in the monomeric form. ATP
hydrolase activity was visualized as discrete bands in the gel
(Fig. 6A, lanes 1–5); in each case, ATP hydrolysis was
sensitive to oligomycin inhibition (Fig. 6A, lanes 6–10).
Coomassie staining revealed discrete protein bands which
migrated at positions identical to those visualized by in situ
assay (Fig. 6B). In each case, solubilization of mitochondria
by digitonin gave almost exclusively the dimeric form of
mtATPase (Fig. 6A and B, lanes 1–4, 6–9 in each), whereas
the sample prepared using lauryl maltoside gave exclusively
the monomeric form (Fig. 6A and B, lanes 5 and 10 in each).
Immunoprecipitation was then performed as before,
using antibodies against the HA epitope. The immunopre-
cipitated mtATPase complexes were analyzed by SDS-
PAGE (15% acrylamide) and immunoblotting to determine
whether they contained HA-Y8 and/or FLAG-Y8. HA-Y8
was recovered in the pellet from each of the YAS-3 and
YDHF-1 derived samples (Fig. 6C, lanes 1–2). Duplicate
samples were then probed for the presence of FLAG-Y8. By
contrast to the immunoprecipitation of monomeric mtAT-
Pases, FLAG-Y8 was also detected in the pellet derived
from strain YDHF-1 (Fig. 6C, lane 4) when mtATPasesG-Y8. Immunoprecipitation was performed in the presence of digitonin as
remain in its dimeric state. Prior to immunoprecipitation, a portion of each
ent) to ensure that samples destined for immunoprecipitation contained
igitonin (panels A and B, lanes 1–4 and 6–9) were analyzed alongside
s a size control. The ATPase activity of complexes was demonstrated in situ
. The polyacrylamide gels were then stained with Coomassie blue (panel B).
lated from cells expressing either HA-Y8 (YAS-3), FLAG-Y8 (YGAS-2) or
e HA- or FLAG-epitopes (as indicated, panel C). The immunoprecipitates
ith antibodies specific for either the HA (panel C, lanes 1–2 and 5–6) or
ed at the top of each lane, above which are indicated the source of antibody
A.N. Stephens et al. / Biochimica et Biophysica Acta 1607 (2003) 181–189188were immunoprecipitated by antibodies against the HA-
epitope. No cross-reactivity with anti-FLAG antibodies
was observed in an immunoprecipitate derived from strain
YAS-3, expressing only HA-Y8 (Fig. 6C, lane 3). There-
fore, both of HA-Y8 and FLAG-Y8 were co-immunopreci-
pitated by anti-HA antibodies when mtATPase was recov-
ered in the dimeric state.
When the reciprocal experiment was performed using
antibodies against the FLAG epitope to immunoprecipitate
mtATPase dimers, FLAG-Y8 could be detected in pellets
derived from strains YGAS-2 and YDHF-1 (Fig. 6C, lanes
7–8). Duplicate samples probed using anti-HA antibodies
showed that HA-Y8 was also detected in the pellet derived
from strain YDHF-1 (Fig. 6C, lane 6). No cross-reactivity
with anti-HA antibodies was observed for the pellet derived
from strain YAS-3, expressing only FLAG-Y8 (Fig. 6C,
lane 5). Together, these results demonstrate that each of HA-
Y8 and FLAG-Y8 could be co-immunoprecipitated by
monoclonal antibodies against a single epitope when mtAT-
Pases were recovered in the dimeric state.4. Discussion
In this work, we have employed an immunoprecipita-
tion approach to demonstrate that only a single copy of
epitope-tagged Y8 is present in each yeast mtATPase
complex. Our data clearly show that when mitochondrial
membranes were gently lysed under conditions where the
mtATPase is released as a monomer [25–27], mtATPase
complexes recovered by immunoprecipitation contained
only a single variant of Y8 (either HA- or FLAG-tagged)
suggesting a stoichiometry of one per mtATPase complex.
When mtATPase complexes were released from the mito-
chondrial inner membrane in dimeric form, mtATPase
recovered by immunoprecipitation contained both species
of Y8 (i.e. HA- and FLAG-tagged). Under appropriate
conditions, therefore, both HA-Y8 and FLAG-Y8 can be
recovered in a single immunoprecipitate demonstrating that
they are not mutually exclusive. Recovery of only a single
Y8 species from monomeric mtATPase complexes is thus
consistent with a stoichiometry of one Y8 per yeast
mtATPase complex. This value is in agreement with the
stoichiometry of one estimated for the homologous A6L
protein of rat liver mtATPase, determined by radioimmu-
noassay of the content of A6L (chargerin II) in both
isolated mtATPase complexes and submitochondrial par-
ticles [30].
Similar approaches employing metal ion affinity chro-
matography or immunoprecipitation, respectively, have
been successful in determining the stoichiometries of
mtATPase subunits b, d and OSCP in yeast [12], and also
in characterizing the proteolipid composition of the V0
domain of V-ATPase [31]. While the results do not exclude
the possibility that multiple, identical Y8 variants are
preferentially assembled into a single mtATPase complex(as opposed to complexes assembled with one of each),
there is no evidence to suggest that Y8 exists as a
homodimer despite extensive cross-linking analyses using
substituted cysteine variants of Y8 [13,14]. Y8 proteins are
therefore not in sufficiently close proximity with respect to
each other in intact, membrane-embedded mtATPase. The
highly accessible nature to antibodies of the N-terminal
region of Y8, demonstrated here and elsewhere [14], further
supports the idea that the epitope-tagged Y8 variants would
not exclude each other in this manner. Taken together, our
data clearly show that each yeast mtATPase complex
contains one copy of Y8, which probably forms part of
the stator stalk [13,14].
Yeast mtATPase contains several subunits unique to the
mitochondrial enzyme: 8, d, e, f, g, h, i/j, k [1]. Cross-
linking studies in yeast have demonstrated interactions
between subunit b and subunits f, 6, d, OSCP and
8 [13,14,32–38]. The ability of Y8 to tolerate changes in
amino acid composition without loss of function [14,16–18]
is reinforced here, with the incorporation of up to 19
additional amino acids at the N-terminus of Y8. The highly
accessible nature of Y8 in the intermembrane space dem-
onstrated here and elsewhere [14], combined with a loose
requirement for the broad chemical nature and arrangement
of its amino acids (rather than their specific identities)
[14,18,39], is consistent with the proposed structural role
for Y8 in the stator stalk of mtATPase [12–14].
The proton pore of yeast mtATPase is comprised of a
ring of 10 subunit 9 proteins [2] which rotate relative to a
static subunit 6 [3–6]. The single copy of Y8 in mtATPase
is intimately associated with subunit 6 but also makes
contact with structural components of the stator stalk
including subunits b, d and f [13,14]. Thus, the single Y8
of yeast mtATPase forms a critical link between the proton
pore and stator stalk in the F0 sector. Defining these links
will be an important part of unraveling the structural and
functional features of this part of the F0 sector of mtATPase.
The ability to immunoprecipitate mtATPases via affinity
handles introduced into the F0 sector may provide a useful
tool for the further study of such links as well as F1–F0
interactions in mtATPase.Acknowledgements
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